Current cancer radiotherapy relies on
increasingly high dose rates of ionis-
ing radiation (100-2400 cGy/min). It
is possible that changing dose rates is
not paralleled by treatment effective-
ness.

Irradiating cancer cells is assumed
to induce molecular alterations that
ultimately lead to apoptotic death.
Studies comparing the efficacy of
radiation-induced DNA damage and
apoptotic death in relation to varying
dose rates do not provide unequivo-
cal data. Whereas some have demon-
strated higher dose rates (single dose)
to effectively kill cancer cells, others
claim the opposite. Recent gene ex-
pression studies in cells subject to
variable dose rates stress alterations
in molecular signalling, especially
in the expression of genes linked to
cell survival, immune response, and
tumour progression. Novel irradia-
tion techniques of modern cancer
treatment do not rely anymore on
maintaining absolute constancy of
dose rates during radiation emission:
instead, timing and exposure areas
are regulated temporally and spatial-
ly by modulating the dose rate and
beam shape. Such conditions may be
reflected in tumour cells’ response to
irradiation, and this is supported by
the references provided.
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Dose rate and biological effects in irradiated cells

Biological effects of irradiation such as DNA damage, induction of muta-
tions and cell death all depend on the kind, dose, and conditions of irradi-
ation (dose rate and fractionation as well as origin, mass and oxygenation
status of the irradiated tissue).

The radiation dose rate (P) is defined as the dose absorbed within unit
of time:

P = dD/dt [Gy/s]
where D is energy absorbed.

A predefined radiation dose can be delivered by employing variable time-
spans and modulating dose rates. Studies of dose rate impact on the extent
of radiation-induced biological effects have a long track record. The most
clear-cut effects related to magnitude of dose rates were reported for the
1-100 cGy/min range [1]. For this particular dose rate span an inverse effect
was described: small dose rates are more effective in inducing genetic dam-
age and cell death as compared to high dose rates for the same magnitude
of radiation dose [2-6]. Until recently dose rate changes exceeding 100 cGy/
min were not thought to exert any special effect on cancer cells’ response
to radiotherapy. It has been commonly assumed that biological properties
affecting cells subjected to low LET irradiation depend on dose rate whereas
in cells exposed to high LET irradiation such effects are independent of this
parameter [7].

Effect of dose rate on cell survival

It has long been believed that low LET radiation such as that used in
cancer radiotherapy obtained from cobalt sources and linear accelerators is
more effective in cancer cell killing when used at high dose rates [1]. Based
on newer results generated using modern irradiation techniques that aim
to achieve higher and higher dose rates, a trend of decreased cell survival at
higher dose rates has been emerging. Theoretical considerations and results
generated in vitro by Keall et al. demonstrated that longer exposure times
(thus, decreased dose rates) are a substantial factor enhancing survival of
irradiated cells [8]. Other investigators have shown that the percentage of
cancer cells surviving irradiation using identical doses is higher in the case
of 5-minute exposure compared to survival following 1-minute delivery [9].
This is in agreement with the results of experiments performed using cul-
tured human glioma cells the survival of which decreased more effective-
ly following higher dose rate of irradiation (400-2400 cGy/min range) [10,
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11]. However, other researchers who employed a similar
dose rate range, found no differences in survival of differ-
ent cell lines investigated. Sorenson et al. did not observe
any survival effect of 500-3000 cGy/min dose rates in the
case of V79 (Chinese hamster lung fibroblasts) and FaDu
(human head and neck carcinoma) cell lines [12]. It was
also demonstrated that 600 cGy/min dose rate irradiation,
as compared to 2400 cGy/min, did not change survival in
three human cancer cell lines (astrocytes, glioma and lung
cancer cells) [13]. The differences in cell survival observed
in these reports could arise from cell lines’ specificity as
well as irradiation conditions.

Effect of dose rate on DNA damage

It has been widely accepted that single- and double-
strand breaks are among the most important types of
DNA damage. Histon y-H2AX is considered to be a reliable
marker of double-stranded DNA breaks that form in irra-
diated cells [14]. Another established biomarker of radia-
tion exposure is micronuclei formation in dividing cultured
cells [15].

The greater impact of higher dose rates has been con-
firmed in a study report concerning mice irradiated with
two different dose rates (0.31 cGy/min and 1.03 cGy/min)
[16]. Cells containing micronuclei and apoptotic nuclei, as
well as H2AX histone, were detected among peripheral
blood lymphocytes. No effect of dose rate on the induction
of apoptosis and micronuclei was found, but the level of
H2AX, which reflects the number of DNA strand breaks was
higher in lymphocytes obtained from animals exposed to
higher dose rates. A similar effect was observed in in vitro
studies on V79 cells exposed to gamma radiation at 0.1-40
cGy/min dose rates [17]. The results show a significant de-
crease in the yield of y-H2AX foci in irradiated cells follow-
ing reduction of radiation dose rate. The authors suggest
that lower number of y-H2AX foci in cells exposed to lower
dose rates may be due to reduced probability of interac-
tions between strand lesions and repair proteins.

However, in contrast to the results reported above our
own research demonstrated that in the case of 400 cGy
dose a lower dose rate (100 cGy/min) induced more mi-
cronuclei and apoptoses in human melanoma (Sk-mel),
lung adenocarcinoma (A549), colon cancer (HCT), and
normal bronchial epithelial cells (BEAS-2B), as compared
to a higher dose rate (600 cGy/min) [18, 19]. The dose
rate effect was not observed for cells lying outside irradi-
ation area and exposed to scattered radiation dose. Our
results were confirmed by a recent study in which com-
parison was made between low dose rate effect (0.305
cGy/min, '#J source) with that of a high dose rate (50 cGy/
min, ®°Co source) upon neoplastic cells (A549 and H1299
lung cancer) as well as normal BEAS-2B cells, all exposed
to 200-800 cGy doses [20]. These authors found that de-
creased survival and inhibition of cell cycle in G1/M phase
was greater following exposure of cells to lower dose rate.
Similarly, lower dose rate was also more effective in induc-
ing apoptosis in cancer cells. Such an impact of dose rate
was seen for doses exceeding 200 cGy [20]. Yet another
study, performed on TK6 human lymphoblasts exposed

to increased or decreased dose rates (0.22-10.6 cGy/min)
demonstrated that the decreased dose rates were more
effective in inducing micronuclei formation [21]. These re-
searchers interpreted their results as the effect of interplay
between DNA damage recognition and repair systems un-
der changing dose rate conditions. Exposure to high dose
rates initially triggers systems recognising DNA damage
and starts repair processes but just as the dose rate gets
smaller a decreased level is reached at which the damage-
recognising systems become inactive. Under such condi-
tions, unrepaired DNA damages accumulates and is seen
as micronuclei. Conversely, when dose rates increase, the
mechanisms recognizing and repairing DNA damage may
be switched on with a delay but are functional through-
out radiation exposure and do not lead to accumulation of
greater numbers of micronuclei.

Earlier studies dealing with the inverse relationship
between radiation dose rate magnitude and greater bio-
logical effectiveness ascribed more effective cell killing by
lower dose rates to cell division block at the most radia-
tion-sensitive G2/M phase of the cycle and accumulation
of cells at this phase [22]. It was demonstrated later, how-
ever, that increased cell cycle blockage not always results
in greater cell mortality and that an inverse dose rate ef-
fect occurs without cell cycle inhibition [23].

Effect of dose rate on gene expression

Another explanation of the inverse dose rate phenom-
enon was offered in a report from a study of gene expres-
sion in cells subjected to the same radiation dose but
delivered at different dose rates [24]. The results suggest
that, depending on dose rate magnitude, it is the expres-
sion of genes regulating apoptosis that becomes altered in
lieu of genes controlling cell division. This is supposed to
confirm the finding that dose rates can variably stimulate
intercellular signaling responsible for apoptosis activation.
Aninteresting result was obtained in experiments compar-
ing biological effects induced in human glioma U87 cells
using conventional iradiation (200 cGy/min dose rate)
and CyberKnife-driven irradiation (400 cGy/min) [10]. The
treatment with greater dose rates resulted in significantly
activated TGF-B and Bl-integrin pathways which mediate
migration, adhesion and cell survival. These effects were
not observed in cells exposed to conventional irradiation
with the lower dose rate. The results suggest that greater
dose rate can result in promotion of invasiveness of cancer
cells. Also in vivo studies suggest that increasing dose rate
of irradiation can result in activation of pathways which
promote survival and progression of cancer cells. Gene
expression profile was studied using experimental thymic
lymphoma tumour-burdened mice irradiated from y-(*’Cs)
source with a 450 cGy dose, at 11.67 cGy/min or 80 cGy/
min dose rates [25]. Greater dose rates sped up tumour
progression and precipitated death of animals. Irrespec-
tive of dose rates used, the radiation exposure enhanced
expression of several genes linked to apoptosis as well as
that of genes responsible for activation of T and B lym-
phocytes and proinflammatory cytokines. On the other
hand, Jag2 gene linked to anticancer immune response,
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as well as the gene encoding IL-15 cytokine (which acti-
vates T lymphocytes and NK cells), were stimulated only
in cells from mice exposed to low dose rate radiation. This
strong immune response triggered by low dose rates could
contribute to more effective elimination of cancer cells
because mice irradiated under such conditions showed
inhibited tumour development and increased survival. In
mice irradiated with high dose rates a drastic lowering
was noted in the expression of Sp3 gene inducing apopto-
sis, in genes stimulating T and B lymphocytes and in Trafé
gene regulating immune response following detection of
cancer cells presence. This weakened immune response
in mice exposed to irradiation with high dose rates could
contribute to accelerated tumour progression and short-
ened survival [25].

Summary

The intention effect of using ionising radiation to elim-
inate cancer cells is to trigger lethal effects whereas dam-
age to normal cells is collateral. Modern techniques used
in oncological radiotherapy decrease patients’ exposure
time as a result of applying increased dose rates. Current
conformal techniques based on three-dimensional treat-
ment planning (3D-CRT) and modulation of radiation beam
(IMRT, VMAT) allow safe application of high radiation doses
to the tumour site while keeping surrounding tissues below
irradiation levels considered to trigger complications. With
these techniques exposure area is spatially and temporally
regulated by modifying dose rate and beam shape. These
new techniques considerably decrease irradiation time as
compared to conventional techniques but, as demonstrat-
ed by molecular studies, dose rate alters gene expression
profile for many important pathways responsible for tu-
mour progression and immune response of the body.

Several reported studies have pointed to a definite
trend of increased cell mortality in line with increased
dose rates at a constant radiation dose [8, 10, 11, 16]. This
is not the rule, however. Other studies have demonstrat-
ed greater effectiveness of lower dose rates [18-21, 25]. To
fully clarify this ambiguity, it is necessary to perform addi-
tional studies examining in depth signaling pathways in
cells irradiated with dose rates commonly used in cancer
radiotherapy. The anticipated results should verify wheth-
er the trend of using ever increasing dose rates does not,
actually, leads to decreased effectiveness of radiotherapy.
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